be assigned to represent the Paleocene/Eoceneboundary, because marine and terrestrial sections can be correlated by this excursion; however, up to now the Paleocene/Eocene-boundary still awaits a clear definition (see Aubry, 2000 , for a review).
The 250 m thick deposits of the Anthering section are composed of carbonate-bearing mudturbidites with intervening hemipelagic shales, which indicate deposition below the calcite compensation depth . About 50 m above the onset of the negative carbon isotope excursion 23 closely spaced layers of pure Femontmorillonite were found which are interpreted as volcanic ashes (Egger, 1995) . These bentonites are restricted to a 40 m thick part of the section that represents the lower part of calcareous nannoplankton Zone NP10 (sub-Zone NP10a in the refined zonation of Aubry, 1996) , as shown in Figs. 2 and 3. The latter author has roughly estimated the duration of this sub-Zone at 630 ky by using sedimentation rates. Immobile element concentrations indicate a basaltic composition of the
INTRODUCTION
The Rhenodanubian Flysch zone comprises an imbricated thrust pile trending parallel to the northern margin of the Eastern Alps. The flysch sediments (Barremian-Ypresian) were deposited in an abyssal environment at the northwestern Tethyan margin (Egger et al., 2002) . The youngest deposits of the Rhenodanubian Flysch are exposed close to the small village of Anthering, 10 km north of the town Salzburg (see Fig. 1 ). This expanded and continuous section contains deposits from calcareous nannoplankton Zones NP9 and NP10 in the standard nannoplankton zonation of Martini (1971) . In the upper part of Zone NP9 it displays the global negative carbon isotope excursion (Egger et al., 2000) . This prominent decrease in the 13 C/ 12 C ratio of global carbon reservoirs took place around 55 Ma ago, and is explained as the result of massive methane release due to the dissociation of gas hydrates (see Katz et al., 1999 , for a review). Most likely, this isotope event will ash-producing magma (Egger et al., 2000) which is unusual for a pronounced phase of explosive volcanism. Ashes of a similar composition are long known from the North Sea region (Bøggild, 1918) , in particular from the Fur Formation in Denmark. Ritchie and Hitchen (1996) suggested sub-aerial volcanism with possible seamounts as source for the phreatomagmatic eruption.
Within the 60 m thick Fur Formation 179 ash layers occur (for a review see Nielsen and Heilmann-Clausen, 1988) , which originated from intense volcanism associated with the opening of the North Atlantic (Knox and Morton, 1988; Knox, 1998) . Equivalents of these ashes have also been found to the southwest of Ireland, at DSDP Site 550, where they are restricted to Zone NP10 (Knox, 1985) . The Fur Formation consists of claystone and diatomite and is devoid of carbonate; therefore, biostratigraphy by means of calcareous nannoplankton is not possible. However, it was possible to correlate the dinoflagellate zonation of the North Sea region with the dinoflagellate record at Anthering (Heilmann-Clausen and Egger, 1997) and, thus, the identical stratigraphic position of the ash-deposits at Fur and Anthering could be confirmed. Equivalent bentonite layers were also found in the Gurnigel-Schlieren-Wägital Flysch (Winkler et al., 1985) south of Zurich and recently in another Tethyan section in Slovenia (Dolenec et al., 2000) .
Geochemical analyses of the Danish bentonites showed enrichments in iridium from below detection limit to up to 300 ppt (Schmitz and Asaro, 1996) . Iridium contents between 200 and 300 ppt were also reported from the Balder formation in the North Sea (Elliot et al., 1992) . Iridium is a highly siderophile (and mostly immobile) element that is usually taken as a tracer of an extraterrestrial (meteoritic) component (see, e.g., Koeberl, 1998; Montanari and Koeberl, 2000 and references therein) . The presence of elevated Ir contents, and near-meteoritic interelement ratios of the platinum-group elements (PGEs), in sediments marking the Cretaceous-Tertiary boundary, was the key evidence for the discovery of a large-scale (cometary or asteroidal) impact event at that time, 65 million years ago (see review in Montanari and Koeberl, 2000) . Since then, several other mass extinctions were also linked to possible impact events, usually via the search for Ir anomalies in the geological record (e.g., Olsen et al., 2002) . However, in some rare cases low Ir abundances (less than 0.5 ppb) have been linked to volcanic (mantle) sources as well (e.g., Zoller et al., 1983; Koeberl, 1989; Toutain and Meyer, 1989) , which was also the interpretation favored by Elliot et al. (1992) and Schmitz and Asaro (1996) for the bentonites from the Balder and Fur formations, respectively. In general Ir is not affected by weathering or diagenesis, although under certain conditions it and other PGEs are mobile as well, leading to changes in the interelement ratios (e.g., Colodner et al., 1992) .
The purpose of this paper is to provide detailed geochemical data for the ash layers of the Anthering Formation, to confirm the correlation between the North Atlantic and the Tethyan section for these late Palaeocene bentonites by focusing on the trace element abundances, and, in 
SAMPLES AND ANALYTICAL TECHNIQUES
Eleven samples from the Lower Eocene sequence of the Anthering Formation were analyzed. The stratigraphy in the Kohlbachgraben is difficult to follow due to the seasonal changing in the small riverbed. No sedimentary structures can be followed in the layers. The altered ashes of white to yellowish or ochre color are exposed in the meandering valley of the Kohlbach and have thicknesses of 3 cm and less (Fig. 2) . Samples of about 100 g each were taken from a depth of ~20 cm to avoid any contamination due to surface slumping and weathering. Samples were dried at 110°C for several days and manually crushed in a plastic wrap. Then they were powdered using an agate mortar and pestle and dried at 105°C to constant weight.
Major, minor, and trace element analysis were performed with X-ray fluorescence spectrometry (XRF) and instrumental neutron activation analysis (INAA). For INAA, aliquots of about 150 mg of the powder were sealed in polyethylene (PE) capsules. Samples and standards (international certified geological reference material) were packed and enclosed in a large PE-vial for irradiation. The granitic standards AC-E and G-2 (Govindaraju, 1989 ) from the U.S. Geological Survey, the Allende meteorite standard reference powder (Jarosewich et al., 1987) , and the mineralized gabbro PGE standard WMG-1 (CANMET, 1994) were used for quantification and to determine the accuracy of the analyses.
All samples were irradiated for 6 hours at the TRIGA Mark II reactor of the "Atominstitut der österreichischen Universitäten" in Vienna with a neutron flux of 2·10 12 cm -2 s -1 . For further processing the irradiated samples were transported to the Institute of Geochemistry. Details on instrumentation, measuring procedures, evaluation of data, precision and accuracy of the INAA system are given by Koeberl (1993) .
Because of the expected low concentrations of iridium, conventional INAA is not sufficient to yield usable abundance values. Thus, the iridium contents were determined using the multiparameter γ-γ coincidence spectrometry system at the Institute of Geochemistry (Koeberl and Huber, 2000) . The γ-γ coincidence method is specifically designed to determine iridium contents in the sub-parts-per-billion (sub-ppb) range. Compared to other analytical techniques, such as radiochemical NAA or ICP-MS, the coincidence spectrometry has one major advantage: no dissolution or other chemical treatment of the samples is required, and, therefore, possible contamination is avoided. Irrespective of the nature of the matrix good sensitivity and precision can be obtained even for small sample sizes (less than 100 mg). For γ-γ coincidence spectrometry, the eleven sample powders of about 150 mg each, as well as a standard series, were sealed into Suprasil quartz glass tubes. For standards, finely powdered Allende meteorite reference sample (Jarosewich et al., 1987) was mixed with pure quartz powder to obtain a dilution series containing between 56 and 1350 ppt iridium. Samples and standards were wrapped in aluminum foil, packed in an aluminum capsule, and irradiated for 48 hours at the KFKI reactor of the Institute of Isotopes, Budapest, Hungary, at a neutron flux of 7·10 13 cm -2 s -1 . After a cooling period of three months standards and samples were measured for at least 12 up to 24 hours, depending on the signal to noise ratio of the spectrum. Regression analysis of the standard dilution series was done to obtain interpolated values of the standard peak volumes. The mean was used to perform the unknown-sample analysis as described above.
Major and trace element analysis by XRF was performed at the University of the Witwatersrand, Johannesburg, South Africa, using a Philips PW 1400 spectrometer. Aliquots of 5 g each were heated in silica crucibles at 1000°C for 6 hours to determine the loss on ignition (LOI). Major, minor, and trace element abundances were determined according to procedures described in Buchanan et al. (1999) and Reimold et al. (1994) . Koeberl (1993) for the INAA method and in Reimold et al. (1994) for XRF-analyses.
RESULTS
The results of our chemical analyses of eleven bentonite samples from the Anthering Formation are given in Table 1 . The basaltic altered ashes have very similar SiO 2 , Al 2 O 3 , and MgO contents, with ranges of 48-53, 18-19 and 1.8-2.1 wt.%, respectively. Nevertheless, the TiO 2 concentrations are somewhat more variable, with most samples (x12-x22) ranging from 3.18 to 3.99 wt.%. Two samples have anomalous TiO 2 contents: sample x1 is depleted (0.77 wt.%) and sample x2 highly enriched (6.37 wt.%). Correlating with TiO 2 are also Sc, V, and Cr, whereas Hf, Ta, Th, and especially Nb can be used to distinguish the samples (see Fig. 4 ). The samples in the binary plot of Nb versus TiO 2 are split into three different groups. The majority plots in the lower middle, whereas sample x1 and x2 show a total different behavior. Bentonite layer x1 is characterized by a distinct depletion in the contents of TiO 2 , P 2 O 5 , the transition metals Sc, V, Cr, Co, Ni, Zn, as well as Ir and Au, in contrast to enrichments in the contents of the high field strength elements Zr, Nb, Hf, Ta, Th, and the light rare earth elements (REE) La and Ce. Sample x2 on the other hand is different to x1 not only on the basis of an elevated iridium abundance and reduced Ir/Au ratio, but also regarding the distribution of other trace elements, e.g., the rare earth elements (REE). Figure 5 shows the C1-chondrite normalized REE distribution patterns for all bentonite samples. x1 and x2 have crustal patterns with negative Euanomalies, but x2 is generally depleted in all REE compared to x1. The other samples have much gentler slopes for the light REE and only minor positive or negative Eu anomalies. The stratigraphic distribution of iridium within the sequence studied is shown in Fig. 3 and indicates concentrations between 47 ± 16 (x1) and 460 ± 50 ppt (x17), with most samples between 200 and 400 ppt. Ir/Au ratios vary between 0.01 and 0.05 with no correlation with stratigraphic height.
DISCUSSION
The bentonite samples are highly altered volcanic ashes. They have chemical indices of alteration (CIA, by Nesbitt and Young, 1984) of 80-90%. Their REE patterns (Fig. 5a ) are typical for tholeiitic basalts with slight depletions of the heavy REE. A similar differentiation was also observed in the Danish ash series of the Balder formation with comparable (La/Yb) N and (La/ Sm) N ratios (Morton and Knox, 1990) . According to Fig. 5b , the majority of samples analyzed have a similar REE composition indicating similar provenance. Previous studies on the chemical differentiation of the REE due to diagenesis of volcanic ash layers report varying scenarios ranging from minor enrichments in the light REE and depletion of the heavy REE (Christidis, 1998) to minor depletions of the light REE (Zielinski, 1982) . The observation that the Eu-anomaly shows only a limited range (positive and negative anomalies) for most samples could indicate alteration phenomena only (see McLennan, 1989) , and makes fractionation of biotite or plagioclase in the primary source more unlikely. Additionally, the REE pattern looks similar to that of, e.g., rocks from the Vesteris seamount off East-Greenland Schmitz and Asaro (1996) for the Fur formation and Morton and Knox (1990) for Balder. (Haase and Devey, 1994) .
The series of comparable altered ashes from Anthering and from the Fur formation (Schmitz and Asaro, 1996) have previously been correlated on the basis of the uppermost occurring of the dinoflagellate species Apectodinium augustum (Egger et al., 2000) and on the distribution of the elements Nb, Y, Zr, and Ti. The discrimination diagram of Nb/Y-Zr/TiO 2 (Fig. 6) by Winchester and Floyd (1977) was used for the determination of the magma origin of the altered ashes showing that the samples plot in two groups: the majority of bentonites fall within the alkali basalt field, whereas x1 has a trachytic composition. Yttrium is generally considered to be as immobile as the other three elements used in the diagram, but under certain weathering conditions this element can be mobilized during alteration (e.g., Larsen et al., 1998 , Christidis, 1998 or it can be concentrated in biogenic phosphate layers (Egger et al., 2000) . This can lead to a shift of the position of the samples in the plot towards higher Nb/Y ratios. Cor- Taylor and McLennan (1985 rection of Y-losses would lead to most of the Anthering bentonites to shift to the tholeiitic field, and sample x1 would then indicate a trachyandesitic source. In the Danish ash series one trachytic ash layer can be correlated to bentonite x1 by comparing the immobile contents (e.g., Nb vs. TiO 2 in Fig. 4) , whereas most samples are FeTitholeiites. Sample x1 is the lowermost and thickest ash layer within the Anthering formation, and sample +19 forms the base of the so-called "positive" ash series of the Fur formation. The whole series of ashes found in the Danish Paleogene (Ølst and Fur formation) were produced in three volcanic phases. Bøggild (1918) divided the series into two parts, and numbered ash layers of the early phase as negative, and tephra layers from the middle and late phase as the positive series (see also Nielsen and Heilmann-Clausen, 1988) . Layer *60 has been shown to be the distant equivalent to layer +19 in the Balder formation based on their anomalous feldspar assemblages (Morton and Knox, 1990 ). This correlation is also supported by the data in Figs. 4, 6 and 7. In Fig. 4 these three ash layers plot in a separate position in the low Ti and high Nb corner, implying a different volcanic event compared to the other samples. The primitive mantle and MORB-normalized multielement plots (Fig. 7) yield the same conclusion. The samples from layers x1, +19, and *60 have similar patterns, especially concerning the immobile elements Ti, Nb, Hf, Zr, and Ta. Sample x2, the layer closest to x1 (distance ~20 cm), shows a totally different pattern. In addition to a distinct depletion in the total REE contents, and an enrichment in Ti, this sample has the same distribution pattern as the majority of bentonites investigated in this study (see shaded area in Fig.  5 ).
According to the iridium abundance, x1 (47 ± 16 ppt) is the only bentonite with an iridium abundance similar to those determined by Schmitz and Asaro (1996) for the trachytic North Sea layers (0-31 ppt). Thus, the similarity between the layer x1 from Anthering and the +19 layer (0 ± 14 ppt Ir) of the Fur Formation is further confirmed by iridium contents, which are distinctively lower than those from the upper smectite layers (200-400 ppt in our study, 100-600 ppt by Schmitz and Asaro, 1996) . High enrichments in iridium have been reported from deep mantle basaltic volcanism at Hawaii (Zoller et al., 1983) . The suggested fluorine content necessary for the volatilization of Ir as hexafluoride (Toutain and Meyer, 1989 ) is also apparent in actual volcanic systems off eastGreenland, e.g., the Hekla volcano (Zoller et al., 1983) . Elliot et al. (1992) proposed that this volcano is a representative of the spreading system that led to the early Eocene ash series. Therefore, fluorine contents of some thousand ppm, as they are measured today in the exhalations of Hekla, could explain the enrichments of iridium in the tholeiitic ashes. Nevertheless, the question on the special scenario of production of the singular Irdepleted layer within the sequence still remains unsolved.
The Paleocene/Eocene transition, at ca. 55 Ma, is marked by a significant (ca. 50% of species) diagram to determine the magma origin of ash layers from the Anthering formation (after Winchester and Floyd, 1977 (Schmitz and Asaro, 1996) is plotted. A common source of x1 and +19 is very likely, as was previously suggested by Egger et al. (2000) . mass extinction of the benthic foraminifera, which, in contrast, were much less affected by the overall much more severe end-Cretaceous mass extinction (see Hallam and Wignall, 1997) . The isotopic evidence indicates that at this time the Earth's climate and the oceans warmed up significantly within a short time period (10 to 20 k.y.), with water temperature in the deep ocean and high-latitude surface water rising by 4° to 8°C (e.g., Kennett and Stott, 1991) . The carbon isotopic compositions show an excursion to negative values, as mentioned above. These observations bring on the question regarding the possible cause of the Paleocene/Eocene mass extinction. Norris and Röhl (1999) suggested that catastrophic release of carbon from methan hydrates could have been responsible, whereas Kent et al. (pers. commun., 2002) cite evidence for a possible impact event.
The present data have some relevance for the impact interpretation. A minor Ir anomaly at the Tr-J boundary has recently been interpreted as possible evidence for an impact link. In another McDonough et al. (1992) for primitive mantle and Pearce (1983) for N-type MORB. Both patterns show the differences between layers x1 and x2 and the rest of analyzed bentonite layers (shaded areas). Layer x1 can be compared to the +19 layer of the Fur Formation in the Northern Sea (Schmitz and Asaro, 1996) and the layer *60 from the Danish Balder Formation (Morton and Knox, 1990) . recent study, Dolenec et al. (2000) report elevated Ir contents at the P-E boundary, and suggest that these data could be consistent with an impact event. However, Dolenec et al. (2000) reported Ir values of 0.1-2.3 ppb, which is up to ten times higher than our values (and on par with many K-T boundary layer Ir contents), and could constitute an enormous Ir anomaly, but their analytical methods are not well documented. Thus, their data should be viewed with some suspicion. In contrast, volcanic sources can also be responsible for minor Ir enrichments, as mentioned above, especially if a distinct change in lithology or redox conditions is correlated with the Ir enrichment. In absence of more specific data, such as the interelement ratios of the platinum group elements, or the determination of osmium isotopic ratios, for the Anthering samples, we can neither confirm nor reject a possible extraterrestrial source of the Ir, although the lithological association with bentonites and the multiple occurrences of highIr layers makes an extraterrestrial source unlikely.
CONCLUSIONS
Eleven bentonite samples from the Anthering Formation have been analyzed for their chemical composition to confirm previously established correlations with ash layers from the North sea and Denmark. This investigation included the determination of iridium with highly-sensitive coincidence spectrometry. The previously suggested correlation of the lowermost ash layer (x1) with the North sea and Danish ash series from the Fur and Balder formation by Egger et al. (2000) can be confirmed on the basis of the major and trace element distribution. The chemical composition and the iridium contents of the bentonites from Anthering are similar to those of coeval ash-layers of the North Sea Basin and suggest that both volcanic deposits are derived from the same source of magma. Recently published data on the origin of an older Danish ash layer (-17 of the Fur-formation) indicate that the Gardiner complex was responsible was this layer (Heister et al., 2002) . On the other hand, Heister et al. (2002) also conclude that the layer +19 can not be connected with this volcanic complex. The data do not provide any compelling evidence for an impact event correlated with the P-E boundary, although we cannot exclude such an interpretation either.
